transgene expression levels (luciferase normalized to protein content determined by bicinchoninic acid) were quantitatively assessed by flow cytometry and luciferase assay, respectively, as described previously.
The transfection efficiency (TE) of chitosan-plasmid DNA (pDNA) polyplexes can be critically modulated by the polymer degree of deacetylation (DDA) and molecular weight (MW). This study was performed to test the hypothesis that the TE dependence on chitosan MW and DDA is related to the polyplex stability, hence their intracellular decondensation/unpacking kinetics. Major barriers to nonviral gene transfer were studied by image-based quantification. Although uptake increased with increased DDA, it did not appear to be a structure-dependent process affecting TE, nor was nuclear entry. Colocalization analysis showed that all chitosans trafficked through lysosomes with similar kinetics. Fluorescent resonant energy transfer (FRET) analysis revealed a distinct relationship between TE and polyplex dissociation rate. The most efficient chitosans showed an intermediate stability and a kinetics of dissociation, which occurred in synchrony with lysosomal escape. In contrast, a rapid dissociation before lysosomal escape was found for the inefficient low DDA chitosan whereas the highly stable and inefficient complex formed by a high MW and high DDA chitosan did not dissociate even after 24 hours. This study identified that the kinetics of decondensation in relation to lysosomal escape was a most critical structure-dependent process affecting the TE of chitosan polyplexes.
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IntroductIon
The identification of an efficient and safe DNA delivery vector remains a critical impediment to successful clinical translation of gene therapy. Polyplexes formed by combining DNA with natural polymers are regarded as promising alternatives to viral vectors, considering their reduced immunogenicity, ability to carry large DNA loads, and inherent formulation flexibility. However, polyplexes suffer from significantly lower transfection efficiency (TE) than their viral counterparts. To improve and optimize their transfection ability, it is critical to improve the understanding of intracellular trafficking of these gene vectors to identify specific rate-limiting steps to gene expression, thus allowing the development of strategies to overcome these barriers and to ultimately design improved DNA delivery vectors. 1, 2 Chitosan, a natural polycation with high positive charge density, has been reported as an effective polynucleotide delivery vector [3] [4] [5] [6] with the ability to bind and condense plasmid DNA (pDNA) 7 into a system protective against nuclease degradation. Chitosan is produced by deacetylation of chitin resulting in a polymer with glucosamine and N-acetylated glucosamine monomers, the proportion of which is described by the degree of deacetylation (DDA). Chitosan physicochemical properties depend on molecular weight (MW) and DDA and these two factors can influence TE to a significant extent. 3, 6, 9, 10 Timely intracellular DNA unpacking and release is generally regarded as one important rate-limiting step for nonviral condensing polycations. 11 It has been suggested that the most efficient chitosan polyplexes have a subtle balance between polyplex stability (maximized at high MW and high DDA) to protect DNA against nucleases, and complex instability (occurring at low MW and/or DDA), to permit DNA dissociation from chitosan and access to transcriptional machinery. 3, 7, 12, 13 A positive correlation between an increase in either DDA and/or MW and the binding affinity of DNA to chitosans was suggested by Strand et al. 12 and was recently quantified by isothermal calorimetry. 14 Despite the potential of chitosan as a gene delivery vehicle and the ability to tailor its functional properties through control of MW and DDA, very little is known about how these structural parameters of chitosan influence intracellular trafficking of chitosan-DNA polyplexes and impact TE.
Prior assessment of the role of DDA and MW on the transfection process has largely been based on end point reporter gene expression levels, providing little or no information concerning intracellular events. 6, 7, 15 Although intracellular trafficking studies of nonviral vectors are numerous, 1, [16] [17] [18] [19] few have examined chitosan, and most are comparative to other polycations 2,20,21 examining only one chitosan type, without accounting for the strong influence of DDA and MW on the transfection process. 6 The few studies that have examined changes in DDA and MW simultaneously 3, 9, 10 have not assessed their influence on intracellular events in terms of polyplex stability. Hence, presently, no consensus exists as to what major barriers, including internalization, endolysosomal escape, unpacking, and nuclear entry, limit the TE of chitosan-DNA polyplexes.
In this study, we have investigated the intracellular trafficking of specific chitosan polyplexes of varying DDA and MW with the intent of identifying both formulation-dependent and formulationindependent rate-limiting barriers. Our hypotheses were that the variation in TE for different chitosans is mainly due to chitosan-DNA binding stability and that barriers to chitosan-DNA systems generally lie upstream of polyplex decondensation. Polyplex cellular binding, uptake, and endolysosomal trafficking were assessed by both fluorescence-activated cell sorting (FACS) and live-cell confocal imaging. Polyplex stability was examined using fluorescent resonant energy transfer (FRET). 2, 18, 20, 22 The spatiotemporal monitoring of specific chitosan polyplexes revealed a similar pattern of cellular internalization and sequestration in lysosomes for all chitosans where only their decondensation kinetics varied with chitosan MW and DDA. These results suggest that the timing of intracellular dissociation of chitosan and pDNA in relationship to lysosomal transit and escape is a determining factor of efficient gene expression and that polyplexes of intermediate stability combining specific MW and DDA offer the greatest potential for high levels of gene expression as they decondense in synchrony with lysosomal escape.
Results

Kinetics of gene expression
The kinetics of transgenic gene expression of polyplexes formed with the four selected chitosans were characterized to establish a time frame for intracellular events leading to gene expression. The results confirmed that TE is formulation-dependent, with chitosan 92-10 as the most efficient, followed by 80-40, 72-10, and finally 92-150 with very slow kinetics and low transgene expression (Figure 1a,b) . 6 In this study, chitosan 92-10 served as positive control as it has previously been shown by us 6 to be more efficient than lipofectamine (Sigma, St Louis, MO) in HEK293. Slight protocol modifications have been introduced since these previous studies 6 including a change of media to pH 7.4 at 24 hours, which results in increased TE, from around 28% to nearly 40% positive cells, with corresponding increases in luciferase reporter activity. 23 The time to gene expression is comparable for all chitosans tested here, starting at 24 hours and peaking at 48 hours post-transfection (Figure 1a,b) , suggesting that they follow similar intracellular pathways, although the slowest vector, chitosan 92-150, still shows increasing expression at this time. Some marginal gene expression was seen at 12 hours for 92-10, which could imply that the onset of significant gene expression for optimal chitosans is between 12 and 24 hours, as reported with other chitosans in HEK293. Cell binding and uptake FACS analysis on transfected cells was performed to examine whether binding or uptake of polyplexes is responsible for the measured differences in TE between chitosan types (Figure 1 ). Polyplexes were prepared with either the rhodamine B isothiocyanate (RITC)-labeled chitosans and unlabeled pDNA or with unlabeled chitosan complexed with labeled Cy5-pDNA. Figure 2 shows cell binding and uptake data obtained with polyplexes prepared with labeled chitosans. Similar kinetics and trends were seen with polyplexes prepared with labeled DNA (Supplementary  Figure S1a) , revealing that both methods provide similar measures of polyplex uptake. This can be partly explained by the fact that when chitosan-DNA polyplexes are prepared at N:P = 5, free unbound chitosan is at most 50% of total chitosan 24 and that no free DNA exists at early time points, as demonstrated below by the FRET data using labeled DNA. All four polyplex types had detectable binding to cells at 1 hour, with a subsequent strong increase in binding over time. Higher DDA polyplexes bind to a greater level to cells for all time points. There was a strong correlation between cell binding (Figure 2a ) and cell uptake (Figure 2b) , with a notable increase in uptake for the two chitosans with high DDA (92%) compared to lower DDA chitosans. The correlation between binding and uptake underscores the necessity of establishing cell contact with polyplexes. The number of cells positive for uptake (Figure 2c ) peaked at around 8 hours when nearly 100% of the cells contained internalized polyplexes. In contrast, the total amount taken up per cell (Figure 2b ) increased continuously throughout time until the media was changed, indicating that no saturation of internalization occurs at any time point and also revealing, by simple morphological assessment, a lack of toxicity of chitosan-based vectors with increasing dose as reported previously. 3 These results were confirmed by confocal microscopy using polyplexes prepared with both labeled DNA and labeled chitosan (Supplementary Figure S1b) . Although some differences in TE between lower DDA chitosan (80-40 and 72-40) and chitosan 92-10 can be accounted for by lower uptake, especially in terms of levels, uptake cannot account for the poor TE of 92-150, as uptake was similar to 92-10 for both the total amount per cell (Figure 2b ) and the number of positive cells (Figure 2c) . These results suggest that the formulation-dependent process resulting in low TE for chitosans 72-40 and 92-150 lies downstream of cell uptake.
colocalization of polyplexes with lysosomes
Because cationic polyplex systems may traffic through lysosomes, 3, 16 we assessed the colocalization between polyplexes and lysosomes. Lysosomal labeling by specific accumulation of fluorescent-dextran following endocytosis has been demonstrated by colocalization with established lysosomal markers such as lysosome-associated membrane protein-2 in many cell types including HEK293. [25] [26] [27] After 4 hours (Figure 3a ,b) of incubation, the intracellular transit of 92-10 polyplexes show a mixture of polyplexes in lysosomes (yellow) and a separate population that is not in lysosomes (red). Subsequently at 12 hours, a stronger colocalization in lysosomes was seen which then diminished at 24-48 hours indicating a gradual loss of colocalization in parallel with a gradual increase of diffuse RITC-chitosan signal in the cell cytoplasm as shown by arrows (Figure 3a) . These observations suggest that at 4 hours polyplexes are still in endosomes and in transit to lysosomes, respecting the kinetics of about 4 hours for endosomal fusion with lysosomes. 18 Nearly all polyplexes reach lysosomes at 12 hours, with little or no escape. Chitosan 92-10 polyplexes then escape lysosomes relatively slowly from 12 to 48 hours, as indicated by increasing diffuse staining seen in many cells at 48 hours. Importantly, this same kinetic of lysosomal transit applies to all four chitosans where images at 12 hours (Figure 3c ) show strong colocalization with lysosomes in all cases. Similar results were obtained when DNA was labeled (data not shown). The second image from the left in Figure 3c is a representation of the mask function in the LSM software that exclusively extracts colocalized pixels, from which the calculated colocalization coefficient in this case was 0.88. The mask image serves here as an example of what was done for all conditions and time points to quantify the data in Figure 4 . The monitoring of the four types of chitosan-based polyplexes revealed a time-dependent accumulation of all polyplex systems in lysosomes with a steady increase in colocalization to ~80% within the first 12 hours, followed by steady decrease to ~40% at 48 hours (Figure 4) .
Intracellular decondensation kinetics of chitosan-based polyplexes
The dissociation of pDNA from the polyplex depends on the physicochemical characteristics of the polyplex that determines its stability. We monitored decondensation using double-labeled polyplexes characterized under various conditions for sensitized FRET analysis (Supplementary Figure S2) , an approach that accounts for acceptor and donor channel crosstalk to provide the fraction of unpacked/decondensed versus complexed/condensed pDNA. 28, 29 Representative images for all chitosans at 24 hours ( based on these images. At early times (4 hours), 92-150 generates the strongest FRET signal indicating a tighter pDNA condensation state than with the other lower DDA or lower MW chitosans ( Figure 6 ). We observed a strong time-dependent decrease in condensation for all chitosans except for 92-150, which remained 80% condensed even after 48 hours. The decondensation rate was fastest for chitosan 72-40, with rapid decondensation within the first 12 hours, before lysosomal escape at 12 hours (Figure 4) , and losing nearly all FRET signal within 24 hours. In contrast, the two most efficient chitosans displayed intermediate stability profiles with a relatively minor decondensation at 12 hours followed by a rapid loss of FRET and therefore a loss of the condensed state in the 12-to 24-hour period, simultaneous with lysosomal escape (Figure 4) . 
Assessment of chitosan localization to the nucleus
We imaged transfected cells to determine the presence of chitosan in nuclei. Imaging started at 18 hours, to examine positively expressing cells and reduce the chance that the transgene-expressing cell had undergone division, which could passively allow chitosan entry. Chitosan could not be visualized within nuclei in any cells imaged between 18 and 26 hours (Figure 7a,b) . When positively expressing cells were imaged at 48 hours (Figure 7c ), occasional observations (about 2-5%) of chitosan inside the nucleus occurred. Therefore, we may assume that on the rare occasions where chitosan is seen in the nuclei of transfected cells, its presence is possibly due to nuclear division in mitotic cells. Most of the polyplexes after 24 hours seemed to collect in a perinuclear distribution, as depicted by arrows in a representative zoomed image (Figure 7c ).
dIscussIon
The intracellular trafficking of chitosan-based polyplexes was investigated to identify processing events that are sensitive to MW and DDA and thus responsible for the dramatic dependence of TE on chitosan MW and DDA. We have compared the ability of different formulation to traverse the major barriers to nonviral gene transfer. In agreement with our hypothesis, we have shown by real-time FRET monitoring, that the kinetics of polyplex decondensation was the most critical formulation-dependent intra cellular process that could account for the intriguing and important relationship between TE and chitosan structure under these experimental conditions. According to our results, the tailoring of chitosan MW and DDA can produce polyplexes with an optimal stability needed to achieve the correct kinetics of decondensation that are in tune with the overall intracellular trafficking of the polyplexes, specifically the long transit time in lysosomes (above 12 hours). Our findings further validate the generally accepted hypothesis, based mostly on physicochemical characterization and end-point TE, that the most efficient chitosan polyplexes have physicochemical properties that endow them with a subtle balance between polyplex stability for pDNA protection but with the ability to dissociate in coordination with lysosomal escape. 3, 6, 7, 12, 13 A recent elegant study comparing the unpacking rate of chitosan (380 kd-83% DDA) to other polycations found higher rates of unpacking for chitosan than our study with about 60% unpacking at 2 hours and nearly 80% at 24 hours. 2 In terms of DDA, the chitosan used was similar to the 80-40 chitosan tested here, but because of the higher MW, the stability of this chitosan should have been increased, rather than decreased as suggested by the observed fast decondensation rate. This discrepancy may be due to the higher pH (pH 7.4 versus 6.5) of transfection in Chen's study, a pH where Ma et al. 14 and Strand et al. 12 found a significantly reduced binding affinity as compared to pH 6.5 in our study. Notably TE is also significantly reduced at this higher pH.
The uptake and lysosomal colocalization data from this study provided important data on the mechanism of intracellular trafficking of chitosan-based polyplexes in general. We found first that uptake was not a limiting step in cell trafficking of polyplexes for conditions tested here and, second, that all polyplexes traffic intracellularly via lysosomes. When compared to other polycations such as polyethyleneimine, with vesicular escape observed within the first 4 hours after transfection 30 and with significant gene expression detected as early as 5-6 hours post-transfection 18, 31 and peaking at 24 hours, 3 the sequence of lysosomal escape at 12-24 hours (Figure 4) and maximal gene expression at 48 hours (Figure 1) seen here with chitosan-pDNA systems suggests that the initial lysosomal sequestration accounts for the late onset of gene expression, as noted elsewhere. 3 It appears that lysosomal sequestration constitutes a rate-limiting step for chitosan vectors that is independent of chitosan MW and DDA, limiting the speed of gene expression to those currently observed and possibly the attained number of transfected cells to 40% of all cells.
Although vector transit through lysosomes appears to be formulation independent, the kinetics of polyplex decondensation in relation to lysosomal sequestration and escape was found to be critically dependent on chitosan structure. There may be substantial and accelerated pDNA degradation in lysosomes for chitosans with weak stability (72-40), and inhibited enzymatic digestion of polyplexes exhibiting high TE (80-40 and 92-10), which necessarily have the ability to protect pDNA up until lysosomal escape to the cytosol. This interpretation of our data highlights the importance of DNA protection against lysosomal enzymes, and hence of selecting chitosans that promote relatively stable polyplexes, but not overly stable, with the latter exemplified by chitosan 92-150, where polyplexes are still condensed after 48 hours and are inefficient gene expressors. Co-incubation with chitosanase published recently 32 may potentiate lysosomal degradation and increase the TE of highly condensed and stable polyplexes. These mechanisms involving lysosomal transit and degradation are supported by earlier studies hypothesizing that the escape of chitosan from lysosomes is driven by intravesicular osmotic swelling induced by enzymatic degradation. 9 Prior studies have also concluded that the enzymatic cleavage site on chitosan consists of triplets of acetylated glucosamine that would give high DDA chitosan an increased resistance to lysosomal degradation. 33 Reduced enzymatic susceptibility may also play a role in the increased resistance of 92-150 to lysosomal transit and the apparent substantial degradation of 72-40. For chitosans 92-10 and 80-40, the lysosomal transit may be beneficial, which is in opposition to the generalized notion that lysosomal colocalization is to be avoided. Instead, taken together, a dual-phase mechanism of the dissociation of pDNA from chitosan can be hypothesized for efficient formulations, with a partial lysosomal degradation of the polyplex, necessary not only for escape but also to weaken the polyplex, facilitating the second phase of complete cytosolic dissociation of pDNA, thought to be mediated by competition with intracytoplasmic polyanions. 34 This model is consistent with the lack of significant increase of TE of chitosan polyplexes observed in studies using agents to accelerate endosomal escape. 5, 7 Nonetheless, our findings involving lysosomal sequestration are in contradiction with other studies suggesting chitosan polyplexes do not transit through lysosomes at all 2 or only for short periods (within 4 hours of transaction). 10, 35 The lack of consensus between our results and these studies could stem in part from the use of different cell types, different chitosans, and by the use of different methodologies for transfection and lysosomal staining, including different transfection pH or of the use of an acidophilic Lysotracker dye. In this context, it is important to note that inhibition of lysosomal acidification can abolish Lysotracker lysosomal staining. 36 Therefore, this agent may not be a precise marker of lysosomes when loaded with polycations that provide proton buffering capacity such as polyethyleneimine 16 and chitosan, 37 as their accumulation may inhibit lysosomal acidification.
As stated above, it appears that binding and uptake are not limiting steps in the transfection process for HEK293 cells tested here. Thus, despite the increase in binding and uptake with increasing DDA seen here, no relationship between uptake and TE was observed, as is the case elsewhere. 10, 13 The use of only HEK293, known for a high endocytic activity, in the study may be viewed as a limitation, although the lack of impediment at the uptake level, possibly even upregulated by the fact that uptake and binding are aided by the two-dimensional morphology of in vitro tests, 38 provides a useful model to study downstream processes. The positive correlation between DDA, binding and uptake, and the fact that no receptor specific to chitosan has been reported to date strongly suggests that the nature of the cell binding of chitosan is a nonspecific electrostatic interaction with the negatively charged cell membrane.
The last important barrier in the intracellular traffic examined here was the nuclear translocation of pDNA, and whether chitosan facilitated pDNA nuclear entry. Our result suggests nuclear uptake is not facilitated by chitosan but that nuclear uptake is rather more simply a function of the availability of cytosolic pDNA, resulting from formulation-dependent processes upstream of nuclear localization. Once the pDNA is released to the cytosol, the SV40 enhancer sequence of the plasmid, known to increase nuclear translocation of plasmids in the absence of cell division, would allow nuclear entry of the pDNA independent of vector design. 39 The perinuclear distribution of chitosan observed here is similar to previous observations with other polycations and supports lysosomal transit, 22 as passive diffusion of pDNA or other macromolecules toward the nucleus 40 does not occur and significant nuclease degradation is observed within 1 hour postmicroinjection. 41 Rather, perinuclear distribution of gene vectors has been attributed to a dynein-driven movement of endolysosomal vesicles along microtubules from the cell periphery to the microtubule-orienting center near the nucleus. 42 The study presented here complements existing methodologies for the study of the intracellular pharmacokinetics of polyplexes, including the use of confocal-based analytical modeling, 1, 2 electron microscopy, 3 and particle tracking. 43 The imaging tools allowed us to identify both chitosan structure-dependent and chitosan structure-independent rate-limiting barriers, adding to the knowledge of the complex transfection mechanisms of chitosan-based polyplexes. The importance of understanding the mechanisms of intracellular trafficking was highlighted as they lead to detailed structure-activity relationships and the rational design of optimal gene delivery vectors.
MAterIAls And Methods
Preparation of chitosan/pDNA polyplexes. Specific chitosans were chosen based on previously described DNA-binding properties 14 and TE. 6 These considerations led to the choice of two chitosans (80-40 and 92-10) with high TE and with an expected intermediate stability (not too high, not too low) and two other chitosans with low TE and expected stability properties that were either too high (high DDA and MW = 92-150) or too low (low DDA and MW = 72-40) to be effective. These four chitosans with specific DDA-MW were prepared from chitosans (Biosyntech, Laval, Quebec, Canada) with specific starting DDA characterized by 1 H NMR (ref. 44) and subsequent nitrous acid depolymerization and characterization by gel permeation chromatography. 6 Chitosans were labeled with fluorescent RITC (Sigma) to 0.9-1% degree of substitution as described in Ma et al. Polyplexes were prepared according to Lavertu et al. 6 Briefly, depolymerized chitosans (92-10, 80-40, 72-40, and 92-150) were dissolved at 0.5% (wt/vol) in hydrochloric acid and then diluted to reach the amine (deacetylated groups) to phosphate (on DNA) ratio of 5 (N:P ratio of 5). Chitosan solutions were then added to an equal volume of 330 µg/ml solution of pDNA and allowed to form polyplexes for 30 minutes. Size and zeta potentials of polyplexes prepared with all four chitosans (92-10, 80-40, 72-40, and 92-150) used in this study were previously characterized. 6 We repeated these measurements (Zeta Sizer Nano; Malvern Instruments, Malvern, UK) with either labeled DNA or labeled chitosan or with unlabeled polyplexes and observed no significant differences in size or zeta potential compared to the those obtained in Lavertu et al. 6 and between labeled and unlabeled polyplexes (data not shown).
In vitro transfection of HEK293. HEK293 cells (ATCC, Manassas, VA) were cultured in complete media (Dulbecco's modified Eagle medium high glucose supplemented with 10% fetal bovine serum; Invitrogen, Carlsbad, CA) in a 5% CO 2 37 °C incubator. For transfection, cells were plated in 24-well culture plates at a density of 50,000 cells/well in complete medium (Dulbecco's modified Eagle medium high glucose, 10% fetal bovine serum, pH 7.4) for 24 hours before transfection in modified transfection media [Dulbecco's modified Eagle medium high glucose, 2-(N-morpholino) ethane sulfonic acid (Sigma), 10% serum, pH 6.5]. For all imaging performed in this study, cells were seeded 24 hours before transfection in 35-mm glass bottom culture dishes (MatTek, Ashland, MA) using 500 μl of complete medium at 50,000 cells/dish. Chitosan-pDNA polyplexes were incubated with cells at a concentration of 2.5 μg pDNA/wells in media containing 10% serum at pH 6.5 for 24 hours, or until analysis for earlier time points, depending on the experiment. For colocalization with lysosomes and in FRET studies, cells were incubated with polyplexes for 8 hours and media was replaced with polyplex-free transfection media. For time points longer than 24 hours, transfection media was replaced at 24 hours with chitosan-free standard cell culture media containing 10% serum at pH 7.4 until analysis, usually at 48 hours unless otherwise noted. Transfection efficiencies (% cells) and Cellular binding and uptake of chitosan-based polyplexes. Cells were transfected as described above with polyplexes prepared with one of four different RITC-labeled chitosans and uptake/binding was analyzed by FACS (MOFLO BTS, Cytomation; Beckman Coulter, Fullerton, CA). Additional experiments were performed with polyplexes prepared with unlabeled chitosans but with Cy5-labeled pDNA (Supplementary  Figure S1a) . After predetermined incubation times at 37 °C in the presence of fluorescent polyplexes, cells were washed twice with phosphate-buffered saline, treated with trypsin-EDTA (Invitrogen) for 10 minutes to detach cells and to remove membrane-bound polyplexes and then washed two times by centrifugation and resuspension in phosphate-buffered saline. Effective removal of cell-bound polyplexes for uptake analysis was validated by confocal microscopy (data not shown) and by FACS showing that further treatment with heparin, chitosanase, or pronase had no effect on the fluorescence of RITC-chitosan treated cells (data not shown). The level of membrane-bound polyplexes at each time point was also determined by subtracting the mean fluorescence of internalized polyplexes, as determined with trypsinized cells, from the total fluorescence obtained from cells detached with nonenzymatic cell dissociation buffer (Invitrogen), which contains both internalized and cell-bound polyplexes. Cells were directly analyzed by FACS by double gating against noncell events ( residues) and on control nontransfected cells for autofluorescence with a minimum of 20,000 detected events per sample. Data are presented as % cells with internalized (or associated) polyplexes, whereas the level of uptake is presented as mean fluorescence per cell. Samples were prepared in duplicate and all experiments were performed three times. Qualitative assessment of the cellular uptake was made with live-cell confocal microscopy as described in Supplementary Materials and Methods.
Imaging and analysis of the intracellular trafficking of polyplexes.
Lysosomes were labeled by a pulse-chase method similar to that previously published. 25 Cells were pulse-loaded with fluorescently labeled dextran (10,000 d MW, 5 μg/ml, Rhodamine green or Alexa 646; Invitrogen) in complete media for 18 hours, washed twice with phosphate-buffered saline, chased with dextran-free complete media for 4-6 hours, and then transfected with labeled polyplexes. The live-cell configuration presented throughout this study was chosen because fixation has been shown to cause artifactual internalization to both the cytoplasm and the nucleus of cell-binding cationic molecules. 46, 47 Colocalization was first assessed qualitatively by the occurrence of yellow pixels 48 resulting from the spatial overlap of green (polyplex pseudocolor) and red pixels (lysosomes pseudocolor) from two separate channels. Colocalization between all four polyplexes and lysosomes in selected regions of interest corresponding to whole cells from images taken at 4, 12, 24, and 48 hours was then quantified in terms of the colocalization coefficient. The colocalization coefficient, defined as the sum of intensities of colocalizing pixels from the "RITC-chitosan" and "fluorescent dextran-lysosomes" channels compared with the overall sum of pixel intensities (above threshold after background substraction), was calculated using the LSM 3.2 Mander's colocalization coefficient macro (Zeiss, Jena, Germany) and plotted over time. A minimum of 15 cells with at least three optical sections per chitosan for each time point were analyzed in three independent experiments. Details of the imaging methodology are described in Supplementary Materials and Methods.
Imaging and analysis of polyplex decondensation kinetics using FRET.
Intracellular polyplex stability was assessed by monitoring the unpacking or decondensation kinetics by FRET using the probes described in Supplementary Materials and Methods. Because the energy transfer process only occurs over distances ranging from 10 to 100 Å, FRET provides an accurate measure of the polyplex condensation state. FRET was demonstrated by sensitized emission, a method that selectively images the FRET-induced emission of the acceptor upon excitation of the donor. Sensitized emission FRET is nondestructive, lends well to time lapse imaging of live cells, and is ideal for intermolecular FRET. 28, 49 The imaging system for FRET was as described above except for FRET-specific settings in the channel configurations. For each time point, images were captured using three channels: (i) FRET channel ( excitation 514 nm, dichroic 660 longpass, emission 680 longpass META), (ii) donor RITC channel (excitation 514 nm, dichroic 565 nm longpass, acceptor excitation/emission), and (iii) acceptor Cy5 channel (excitation 633 nm, dichroic 660 longpass, emission 680 longpass META) for the detection of FRET emission (FRET em ), RITC-Chitosan emission (RITC-Chito em ), and Cy5-DNA emission (Cy5-DNA em ), respectively. We have simultaneously quantified the FRET intensity of polyplexes and the ratio of complexed DNA to uncomplexed DNA over time with FRET measurements performed in background-subtracted regions of interest corresponding to individual cells. FRET pixel intensities (FRET em ) in the regions of interest from channel 1 (FRET channel: RITC excitation and Cy5 emission) were normalized to the acceptor emission (Cy5-DNA em ) from channel 3 (DNA-Cy5 channel: DNA Cy5 excitation, Cy5 emission), measured after specific excitation of the acceptor according to Eq. (1). 28, 29, 50 This FRET ratio defines the apparent energy transfer efficiency of the polyplexes in each regions of interest corresponding to a cell and is also proportional to the fraction of pDNA molecules bound to chitosan.
(1)
Correction factors α and β are used in sensitized FRET to account for crosstalk of fluorophores into the FRET channel determined by incubating cells with polyplexes labeled with only Cy5 or only RITC and measuring the contribution of both fluorophores to the FRET measurement (excitation 514 nm, dichroic LP 660, emission 680 LP META). They were determined to be α = 6.9% (for RITC bleedthrough into acceptor channel) and β = 2.9% (for Cy5 crosstalk by donor excitation). FRET ratios were measured for each polyplex at each time point and normalized to the FRET ratio obtained with chitosan 92-150 at 4 hours, which represented the highest FRET signal intensity corresponding to the most condensed state and essentially 100% complexation of DNA to chitosan. Although less condensed, all formulations showed near 100% complexation at 4 hours. The FRET signal decrease in intensity relative to this reference point was then calculated and plotted versus time. suPPleMentArY MAterIAl Figure S1 . Comparison of uptake of polyplexes prepared with labeled DNA and labeled chitosan. Figure S2 . FRET probe characterization. Materials and Methods.
